Detecting water quality improvements following watershed management changes is complicated by fl ow-dependent concentrations and nonlinear or threshold responses that are diffi cult to detect with traditional statistical techniques. In this study, we evaluated the long-term trends (1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009) in total P (TP) concentrations in the Illinois River of Oklahoma, and some of its major tributaries, using fl ow-adjusted TP concentrations and regression tree analysis to identify specifi c calendar dates in which change points in P trends may have occurred. Phosphorus concentrations at all locations were strongly correlated with stream fl ow. Flow-adjusted TP concentrations increased at all study locations in the late 1990s, but this trend was related to a change in monitoring practices where storm fl ow samples were specifi cally targeted after 1998. Flow-adjusted TP concentrations decreased in the two Illinois River sites after 2003. Th is change coincided with a signifi cant decrease in effl uent TP concentrations originating with one of the largest municipal wastewater treatment facilities in the basin. Conversely, fl ow-adjusted TP concentrations in one tributary increased, but this stream received treated effl uent from a wastewater facility where effl uent TP did not decrease signifi cantly over the study period. Results of this study demonstrate how long-term trends in stream TP concentrations are diffi cult to quantify without consistent longterm monitoring strategies and how fl ow adjustment is likely mandatory for examining these trends. Furthermore, the study demonstrates how detecting changes in long-term water quality data sets requires statistical methods capable of identifying change point and nonlinear responses.
Detecting water quality improvements following watershed management changes is complicated by fl ow-dependent concentrations and nonlinear or threshold responses that are diffi cult to detect with traditional statistical techniques. In this study, we evaluated the long-term trends (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) in total P (TP) concentrations in the Illinois River of Oklahoma, and some of its major tributaries, using fl ow-adjusted TP concentrations and regression tree analysis to identify specifi c calendar dates in which change points in P trends may have occurred. Phosphorus concentrations at all locations were strongly correlated with stream fl ow. Flow-adjusted TP concentrations increased at all study locations in the late 1990s, but this trend was related to a change in monitoring practices where storm fl ow samples were specifi cally targeted after 1998. Flow-adjusted TP concentrations decreased in the two Illinois River sites after 2003. Th is change coincided with a signifi cant decrease in effl uent TP concentrations originating with one of the largest municipal wastewater treatment facilities in the basin. Conversely, fl ow-adjusted TP concentrations in one tributary increased, but this stream received treated effl uent from a wastewater facility where effl uent TP did not decrease signifi cantly over the study period. Results of this study demonstrate how long-term trends in stream TP concentrations are diffi cult to quantify without consistent longterm monitoring strategies and how fl ow adjustment is likely mandatory for examining these trends. Furthermore, the study demonstrates how detecting changes in long-term water quality data sets requires statistical methods capable of identifying change point and nonlinear responses.
Change Point Analysis of Phosphorus Trends in the Illinois River (Oklahoma) Demonstrates the Eff ects of Watershed Management
J. Thad Scott,* Brian E. Haggard, Andrew N. Sharpley, and J. Joshua Romeis T he Illinois River Watershed in the Ozark Highlands of northwest Arkansas and northeast Oklahoma has become widely known, following the 2005 fi ling of the lawsuit by the Oklahoma attorney general against several poultry companies based in northwest Arkansas. Th e lawsuit focused on several elements, including P, which is fed to poultry in diets as feed plus mineral phosphates. Excess P not assimilated by birds is accumulated in poultry litter generated in each house and then often land applied. Poultry litter has many benefi cial nutrients and trace elements that increase forage growth (Lucero et al., 1995; Mitchell and Tu, 2005) . Land application of poultry litter is now guided by soil P indices within each state (DeLaune et al., 2006; Sharpley et al., 2003) . However, historical application rates were based on nitrogen content, which resulted in over application of P with regard to plant requirements (Maguire et al., 2009; Sims et al., 2000) .
Th e application of P above forage needs has been shown to increase the pool of soil test P (STP) in upper soil layers (Kingery et al., 1994; Sharpley, 1999; Sharpley et al., 1994) . Soils with elevated levels of stored P (as STP) are prone to greater P loss in runoff waters (Pote et al., 1999; Schroeder et al., 2004; Sharpley et al., 2007; Vadas et al., 2005) and the amount of water extractable P (WEP) in land-applied P sources (be it poultry litters, other animal manures, biosolids, or mineral fertilizer) also controls P concentrations and transport in runoff waters (Haggard et al., 2005b; Kleinman et al., 2002; Tasistro et al., 2004; Vadas et al., 2004) . Watershed management requires sound balance, using poultry litter to increase forage yields, while managing application rates to limit potential water quality degradation.
At larger scales, P concentrations in streams vary with catchment land use characteristics (Buck and Townsend, 2004; Omernik et al., 1981; Tuff ord et al., 1998) , where concentrations generally decrease in streams with increasing percentage of forest in its watershed, including the Ozark Highlands (Haggard et al., 2007) . Th us, the amount of pastureland use in a watershed infl uences stream P concentrations during base fl ow and storm fl ow. But, agricultural landscapes and STP stores (i.e., WEP and STP) do not represent the only P sources to streams. Stream P enrichment can also be derived from other anthropogenic sources, such as treated wastewater effl uent, septic systems, runoff from fertilized lawns and impervious surfaces, and erosion from construction sites. In fact, northwest Arkansas has experienced rapid human population growth over the last two decades (i.e., urban land use increased from 6% in 1992 to 13% in 2006), increasing regional P imports and exports through food items and other human-oriented sources. Historically (1997 Historically ( -2000 , the major wastewater treatment plant (WWTP) effl uent discharge accounted for ~40% of the P transported in the Illinois River from Arkansas to Oklahoma (Haggard, 2010) . Elevated P concentrations in water samples collected during base-fl ow conditions could be traced over 45-river km upstream to one municipal wastewater discharge in the headwaters (Haggard, 2010) . Effl uent discharges not only infl uence water column P concentrations but also the amount of P stored within the bed material of the fl uvial channel (Ekka et al., 2006) , representing a legacy P source that can be released from the sediments when effl uent P concentrations are low (Haggard et al., 2005a) .
Like many locations nationwide, land management and wastewater treatment changes within the Illinois River Watershed have occurred over the last decade, which have decreased the amount of P entering streams. However, a documented response in stream P concentrations has not been reported in the scientifi c literature at sites within Oklahoma. Identifying trends with traditional techniques such as linear regression and Kendall-Tau statistics may be problematic because P concentrations are fl ow-dependent and long-term trends may be nonlinear or threshold-type (change point) responses.
Th e objective of this study was to evaluate long-term trends in P concentrations in the Illinois River, its tributaries, and in the major wastewater effl uents in the watershed. We used data from USGS for in-stream P concentrations and self-reporting data from wastewater treatment plants for the analyses. Phosphorus concentrations in the Illinois River and its tributaries are usually fl ow dependent (Green and Haggard, 2001; Vieux and Moreda, 2003) , with greater P concentrations occurring during greater fl ow. Th erefore, we used a fl ow-adjusted estimate of in-stream P concentration to evaluate the temporal trends over a 12-yr period from January 1997 to January 2009. We used regression tree analysis (see description below; also see De'ath and Fabricius, 2000) and locally weighted regression (LOESS) to identify changes in fl ow-adjusted P concentrations over time. Regression tree was used to identify specifi c change points in the fl ow-adjusted P concentrations that could be linked to calendar dates (Qian et al., 2003) . Conversely, LOESS regressions were used to identify longer periods of directional change in P concentrations. Th is allowed us to compare the timing of any changes in river P concentrations to the timing of management changes in the watershed.
Materials and Methods

Site Selection and Data Availability
Th e Illinois River Watershed comprises ?4200 km 2 in eastern Oklahoma and western Arkansas (Fig. 1) and includes the Lake Tenkiller Ferry (hereafter, Lake Tenkiller), which was constructed between 1947 and 1952 for the purposes of fl ood control and hydroelectric power. Th e headwaters of the Illinois River and its major tributaries (i.e., Baron Fork and Flint Creek) originate in the Ozark Highlands and Boston Mountains of northwest Arkansas. A high-density urban area exists in the headwaters, primarily within the city limits of Fayetteville, Springdale, and Rogers, AR. Th e Illinois River drainage area from Lake Tenkiller upstream has a land use distribution of 43, 42, and 5% in forest, pasture, and urban, respectively (Andrews et al., 2009) , whereas its distribution solely on the Arkansas side is about 36, 50, and 13% (National Land Cover Database, 2006) .
Th e stream monitoring sites selected for this study were the Illinois River near Watts, OK (USGS Station Number 07195500); the Illinois River near Tahlequah, OK (USGS Station Number 07196500); Flint Creek near Kansas, OK (USGS Station Number 07196000), and the Baron Fork near Eldon, OK (USGS Station Number 07197000). Th ese sites were selected because the water quality monitoring program was similar across all sites and the program generally consisted of water sampled every month during the calendar year in 1997 and 1998. Sampling was changed to every other month during base-fl ow conditions, plus six supplemental storm-event samples starting from 1999 through January 2009. Th e water samples were collected by USGS personnel using the equalwidth-increment technique (Edwards and Glysson, 1999) and then analyzed for total P (TP) concentrations (USGS Parameter Code 00666) at the USGS National Water Quality Laboratory in Denver, CO (http://nwql.usgs.gov). Th e time period chosen for this study was 1997 through 2009, representing 12 complete calendar years' worth of data at these selected sites. Data on TP concentrations in treated wastewater for a similar time period were obtained from the major (discharge permits >3500 m 3 d -1
) WWTPs within the basin.
Trend Analyses
Simple trend analysis of in-stream TP concentrations was completed using three steps (see White et al., 2004) . Briefl y, the steps include: (i) daily mean discharge and TP concentrations were log transformed to account for typical log-normal distribution of water quality data and minimize the eff ects of outliers within the data (Hirsch et al., 1991; Lettenmaier et al., 1991) ; (ii) log-transformed TP concentrations were adjusted against log-transformed daily mean discharge using the LOESS twodimensional smoothing technique (Richards and Baker, 2002; Hirsch et al., 1991) ; and (iii) fl ow-adjusted TP concentrations (derived from residuals of the LOESS regression of discharge versus concentration) were analyzed for temporal trends using regression tree analysis and LOESS. Trend analyses were also conducted on raw stream TP concentrations using LOESS regressions only. Trend analyses on raw TP concentrations in treated wastewater effl uent were conducted with regression tree analysis. Details of the fl ow adjustments to TP concentrations and temporal trend analyses using regression tree analysis and LOESS are provided in the following sections.
Th e relationship between log-transformed stream discharge and log-transformed TP concentrations were quantifi ed using LOESS two-dimensional smoothing in SigmaPlot, with a sampling proportion of 0.5 and a fi rst order polynomial function (Systat Software, Inc., San Jose, CA). Bekele and McFarland (2004) observed that a sampling proportion of 0.5 was adequate to reduce variability in concentrations with stream discharge. Th e LOESS smoothing uses locally weighted regression algorithms and overcomes limitations often associated with parametric techniques that are more sensitive to outliers in the data (Lettenmaier et al., 1991) . Th e residuals from this LOESS smoothing of log-transformed discharge and concentration represent the fl ow-adjusted concentrations.
Nonlinear temporal trends in fl ow-adjusted TP concentrations were evaluated using LOESS as previously described. We also used regression tree analysis (De'ath and Fabricius, 2000) to identify change points (Qian et al., 2003) in the fl owadjusted TP concentrations at approximate calendar dates. Regression tree analysis is an empirical modeling technique useful for identifying change points and hierarchical relationships in environmental data. Th e method uses recursive partitioning to separate data into increasingly homogenous subsets through deviance reduction. Data are divided into all possible subsets based on change points in the predictor variable and the change point yielding the greatest deviance reduction is chosen to split the data. Th is process is repeated in the data subsets, invoking a tree-like structure (multiple change points in increasingly homogeneous data subsets).
We used the MVPART library in R software (http://www.rproject.org) for regression tree analyses. Th e procedure in the R software is similar in concept and coding to the procedure developed using the RPART library in S-Plus (personal communication, R. King, Baylor University). Sampling date was the only predictor variable used in the analysis, with fl owadjusted TP concentration as the dependent variable. We allowed multiple splits in the data to identify multiple change points, if applicable, for each stream sampling site or WWTP effl uent over the 12-yr period. In constructing models, we required a minimum of 20 observations be included in deriving any single change point and that at least 10 observations should occur on either side of the change point providing the best model fi t. Cross validation of each model was conducted by deriving 10 similarly sized data sets from the original data by randomly removing observations. Models were recalculated for each data set. Th e number of change points in each model was determined using the minimum cross-validated error rule (De'ath and Fabricius, 2000) , which identifi es the maximum number of possible splits where the relative cross-validated error was minimized. Models are presented as change points in scatterplots between date and fl ow-adjusted TP concentrations. Table 1 ). Raw TP concentrations, which were not fl ow adjusted, were highly variable among dates within a site but were generally greatest during the period from 1999 to 2003 at Baron Fork and in the Illinois River at Watts and Tahlequah (35°55′22″ N, 94°55′24″ W) (Fig. 2A, 2C, and 2D ). Unadjusted TP concentrations in Flint Creek increased through the entire period of record (Fig.  2B ), although this trend was not statistically signifi cant in linear regression analysis (R 2 = 0.02; P = 0.144). Phosphorus concentrations were generally less during base fl ow and greater during storm events (Fig. 3) . Th e maximum TP concentrations observed during storm events ranged from slightly more than 1 mg L −1 at the Illinois River to ?1.6 mg L . However, TP concentrations increased exponentially with streamfl ow at all sites when discharge exceeded 10 cm s −1 , i.e., storm-event conditions (Fig. 3) .
Results
Long
Regression tree analysis and LOESS regressions revealed that fl ow-adjusted TP concentrations (i.e., residual values from LOESS regressions of discharge versus TP concentration) changed signifi cantly over the 12-yr study. Regression tree analysis showed that fl ow-adjusted TP concentrations in the Baron Fork were greater after May 1998 (Fig. 4A) . However, LOESS models showed that fl ow-adjusted TP concentrations in Baron Fork decreased slightly from 2001 to 2004 and remained relatively constant thereafter (Fig. 4A) . In Flint Creek, regression tree analysis identifi ed a change point in March 1999, after which TP concentrations were generally greater (Fig. 4B) . Similarly, LOESS regression demonstrated a positive linear increase in fl ow-adjusted TP concentrations in Flint Creek from 1997 to 2007, with a slight decrease occurring after 2008 (Fig. 4B) . Th e increasing trend in fl ow-adjusted TP concentration in Flint Creek from 1997 to 2007 was confi rmed to be statistically signifi cant using linear regression (R 2 = 0.24, P < 0.001). In the Illinois River, regression tree analysis demonstrated that fl ow-adjusted TP concentrations increased after either May 1999 or May 1998, at the monitoring locations at Watts, OK, and Tahlequah, OK, respectively, but decreased after the fall of 2003 at both locations ( Fig. 4C and  4D) . Th e LOESS trends suggested that fl ow-adjusted TP concentrations remained on a decreasing trajectory in the Illinois River at Watts (Fig. 4C ) but were relatively constant after fall 2003 at the Illinois River at Tahlequah (Fig. 4D) .
Total P concentrations in WWTP effl uents were highly variable across plants in the watershed (Fig. 5) . Th ere was no trend in effl uent TP concentrations for the Fayetteville WWTP. 
Discussion
Total P concentrations in the Illinois River and its tributaries are one aspect of an ongoing lawsuit between the state of Oklahoma and several poultry integrators operating in the Arkansas portion of the Illinois River Watershed. Th e data presented in this study, generated by USGS, represent the best, publicly available information on P concentrations in these streams within the Oklahoma portion of the Illinois River Watershed. Our analysis of these data suggested that fl ow-adjusted TP concentrations at the two locations in the Illinois River in Oklahoma have decreased since 2003 ( Fig. 4C, D ; Table 2 ). Furthermore, fl ow-adjusted TP concentrations at one of these locations (Illinois River, near Watts, OK) were continuing on a decreasing trajectory through the end of the study period (Fig. 4C ). Rebich and Domcheck (2007) and Andrews et al. (2009) found that TP concentrations in the Illinois River and its tributaries were increasing from the late 1990s to the early 2000s. Th e addition of more recent data, however, shows this pattern has reversed since 2003. Th e timing of water quality improvements shown here is supported by the qualitative change point observed by Haggard (2010) for the Illinois River further upstream in Arkansas. However, the use of regression tree in our analysis provided a quantitative framework for identifying specifi c calendar dates at which change points were apparent, making it possible to link changes in fl ow-adjusted TP trends with changes in watershed management or monitoring activities (Table 2) .
Th e fi rst change point observed in this study occurred between May 1998 and March 1999 at all four sampling locations (Fig. 4) , which predated watershed management changes that occurred from 2002 to 2004. Th is suggests that water quality may have continued to degrade in response to agricultural and effl uent P inputs over this time. However, it is unlikely that the rate of change observed in fl ow-adjusted TP between 1997 and 2000 was controlled only by watershed P inputs. Rather, this time period coincided with a change in methodology of sample collection by USGS. After 1998, USGS specifi cally targeted storm event samples in one-half (six of 12) of their annual sampling events in the Illinois River Watershed (Pickup et al., 2003) . Th us, the increase in fl ow-adjusted TP concentration after this change was probably caused by an increase in the number of intentional storm fl ows sampled, which had greater TP concentrations than base fl ow (Fig. 3) .
Th e second change point observed in our study occurred between October and November 2003 but only at the Illinois River sampling locations (Fig. 4C, 4D ). Th is change point corresponds to the qualitative change point identifi ed by Haggard (2010) for the Illinois River in Arkansas and closely followed a signifi cant decrease in effl uent TP concentrations in the Springdale and Rogers WWTP discharges ( Fig. 5; Table 2 ). Ekka et al. (2006) showed that reducing the Springdale effl uent TP concentrations dramatically reduced TP concentrations in its receiving stream, both in the water column and streambed sediments. Th ese WWTPs undertook a voluntary improvement in waste treatment and processing, which decreased effl uent and stream TP concentrations, as well as reduced fl ow-adjusted TP loads in the Illinois River in Arkansas (Haggard, 2010) . Th e >1-yr lag time between the effl uent P change point in the Springdale WWTP (Fig. 5A ) and the in-stream P change point in the Illinois River sites (Fig. 4C,  4D ) is likely related to legacy eff ects, such as the depletion of P from P-rich stream sediments and other sources of instream transient P storage (Meals et al., 2010; Sharpley et al., 2009b) .
Improvements in WWTPs that decreased effl uent TP concentrations were not the only change occurring in the watershed during 2003. Poultry litter management also transitioned from N-to P-based applications, following adoption of the Arkansas P Index for Pastures (APIP; DeLaune et al., 2004) . Use of APIP could have decreased poultry litter applications from those typically used before its implementation. For example, adopting P-based application rates in the adjacent Eucha-Spavinaw Watershed reduced the amount of poultry litter applied from ?1000 to 500 kg ha −1 (Sharpley et al., 2009a) ; however, the Eucha-Spavinaw P Index was more restrictive than APIP, due to a court-mandated STP threshold of 300 mg kg
, above which no litter could be applied irrespective of site risk (DeLaune et al., 2006) . Th e APIP has since been revised and the changes to its P source and transport components will likely result in further reductions in poultry litter application rates (Sharpley et al., 2010a (Sharpley et al., , 2010b . In 2004, Arkansas and Oklahoma also established a poultry litter transport program, which provided a mechanism to export excess poultry litter out of the Illinois River Watershed to fi elds defi cient in STP (i.e., less than agronomic optimal levels) in eastern Arkansas and western Oklahoma. Nutrient management planning records show that >70% of the litter produced in the adjacent EuchaSpavinaw Watershed has been exported out of the watershed each year since the program was established in 2004 (Sharpley et al., 2009a) .
It is diffi cult to ascertain whether the observed trends in fl ow-adjusted TP concentrations in the Illinois River were due to changes in effl uent alone or also to changes in agricultural management practices. However, the general trends at the Baron Fork site provide some evidence that changes in agricultural landscape management reduced TP concentrations. Flow-adjusted TP concentrations in the Baron Fork were slightly elevated from 1998 to 2003 (Fig. 4A ), which coincided with the greatest TP concentrations observed at the Illinois River sites (Fig. 4C, 4D) . However, the Baron Fork is not infl uenced by an effl uent discharge >3500 m 3 d -1 that implemented voluntary P management (Fig. 1) . Th erefore, any reduction in fl ow-adjusted TP concentrations in the Baron Fork was likely associated with changing agricultural management. Th e decrease in fl ow-adjusted P concentrations in the Baron Fork was minimal compared with that observed in the Illinois River and no trend in TP in the Baron Fork was apparent after 2004.
Long-term P trends in Flint Creek also support the premise that effl uent TP concentrations strongly infl uence fl owadjusted stream TP concentrations. Th e LOESS regression of the fl ow-adjusted TP concentrations revealed a monotonic increase throughout the study period, which was confi rmed by linear regression analysis (R 2 = 0.24, P < 0.001). Flint Creek receives discharge from the Siloam Springs WWTP (Fig. 1) , where effl uent TP concentrations were greatest among all dischargers in the latter part of the study period (Fig. 5) . However, the Siloam Springs WWTP began lowering effl uent TP in late 2007, which was identifi ed by change point analysis ( Fig. 5B ; Table 2 ). Although not identifi ed by change point analysis, a slight decrease in TP in Flint Creek was apparent from the LOESS trend after 2007. All WWTPs in northwest Arkansas that discharge into the headwater streams of the Illinois River Watershed have or will have an effl uent TP limit of 1 mg L −1 in future permits. Our study indicates that this can reduce, and should continue to reduce, the fl ow-adjusted TP concentrations in the Illinois River near the Arkansas-Oklahoma border and in Flint Creek.
Th e trajectory of change in P in the Illinois River at Watts was decreasing through the end of our study period. However, the long-term P trend in the Illinois River at Tahlequah, which is ?75-river km downstream of the Watts location (Fig. 1) , did not appear to be changing much after the "step-down" decrease observed in 2003. Th is is probably because Flint Creek enters the Illinois River between these two monitoring locations and the long-term P trend in Flint Creek indicated an increasing fl ow-adjusted TP concentration. Future studies are warranted that will track the trends in TP concentrations at all three locations (Illinois River at Watts and Tahlequah, and Flint Creek) to determine if effl uent-controlled TP decreases in Flint Creek result in further P decreases in the Illinois River at Tahlequah. It will also be important to quantify when P concentrations in the Illinois River at Watts begin to stabilize and what base fl ow P concentration is related to this stabilization.
Conclusions
Th is study presents a practical application of regression tree analysis for identifying change points in water quality data at specifi c calendar dates. Our results indicate that effl uent TP in headwaters can invoke a major control on in-stream, fl owadjusted TP concentrations at locations that may be 100-river km or more downstream. Future reductions in effl uent TP and continued improvements in agricultural management in the Illinois River Basin should only further decrease stream TP concentrations. Our results also suggest that the increase in fl ow-adjusted TP concentrations observed after the late 1990s in the Illinois River was probably associated with a change in monitoring methodologies, where storm fl ow samples were actively pursued beginning in 1999. Th erefore, monitoring methods can have a profound eff ect on the evaluation of longterm trends. Stream and river monitoring programs should adopt and sustain monitoring strategies that are consistent over many years to assess long-term trends. 
